The 8q24 region is a gene desert, although chromosomal aberrations and somatic amplification involving this region, including translocations involving the protooncogene c-MYC, have been frequently reported in people with cancer. To investigate the role of variants in 8q24 region, the authors analyzed data from a prospective study (n ¼ 10,372 participants who were followed for 11 years) in which a large number of health events (>1,500) occurred (1993)(1994)(1995)(1996)(1997)(1998). They genotyped all subjects for 5 candidate single nucleotide polymorphisms (rs672888, rs1447295, rs9642880, rs16901979, and rs6983267) that were identified in previous genome-wide scans. Although significant associations with individual single nucleotide polymorphisms were small in magnitude, the authors observed higher increases in the risks of different types of cancer with specific haplotypes, particularly when subjects were homozygous for the haplotype: for breast cancer and homozygotes for haplotype CAGCT, hazard ratio ¼ 3.40, 95% confidence interval: 1.24, 9.21; for prostate cancer and grouped rare haplotypes, hazard ratio ¼ 7.43, 95% confidence interval: 3.00, 18.37; and for brain cancer and homozygotes for haplotype CGGCT, hazard ratio ¼ 13.48, 95% confidence interval: 3.00, 59.53. Significant associations were also observed between haplotypes and deaths from cardiovascular diseases and cerebrovascular diseases; the most stable association was between homozygotes for haplotypes CGTCG and CAGCT and total deaths in men (hazard ratio ¼ 3.5, 95% confidence interval: 1.8, 6.9, and hazard ratio ¼ 2.8, 95% confidence interval: 1.3, 6.4, respectively). In conclusion, the authors have observed a strong pleiotropic effect of the 8q24 region in a large prospective study. This observation can shed light on the mechanisms underlying reported associations between 8q24 variants and disparate chronic diseases. genetic pleiotrophy; haplotypes; prospective studies Abbreviations: CI, confidence interval; FPRP, false-positive report probability; HR, hazard ratio; LD, linkage disequilibrium; SNP, single nucleotide polymorphism; TCF7L2, transcription factor 7-like 2.
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Editor's note: An invited commentary on this article appears on page 488.
Single nucleotide polymorphisms (SNPs) in the 8q24 chromosome region have been associated with prostate cancer in genome-wide association studies (1) (2) (3) (4) (5) . Other cancers were subsequently associated with this region, including colorectal cancer (6) (7) (8) (9) (10) , breast cancer (11, 12) , pancreatic cancer (13) , bladder cancer (14) (15) (16) , thyroid cancer (17) , smoking-related cancers (15) , chronic lymphocytic leukemia (18) , testicular germ tumors (19) , and gliomas (20) . Investigators have also found relations between other conditions, such as diabetes mellitus (21) , age-related hearing impairment (22) , schizophrenia (23, 24) , bipolar disorder (25) , and cleft lip and palate (26, 27) and SNPs in this region. Although a wide range of diseases was observed to be associated with a variety of SNPs, one SNP in particular (rs6983267) was associated with multiple outcomes. The 8q24 region is a gene desert. Although some transcripts have been described in this region, such as wSRRM1 (serine/arginine repetitive matrix 1 pseudogene 1), FAM84B (family with sequence similarity 84, member B), LOC727677 (uncharacterized LOC727677), POU5F1P1 (POU class 5 homeobox 1B), and PVT1 (Pvt1 oncogene (non-protein coding)), the only known strong candidate gene at the 3# end of the region is the protooncogene c-MYC (c-myc myelocytomatosis viral oncogene homolog (avian)). Region 8q24 contains fragile sites that have been linked to translocations involving MYC (28) . Also, it has been proposed that this region is involved in the regulation of MYC, but the evidence is conflicting (29, 30) . Finally, a role for microRNA has been suggested (31) (32) (33) .
To our knowledge, all studies of this region conducted so far have been cross-sectional case-control studies in which usually only a single or a few diseases were considered, thus limiting investigation of gene pleiotropism. Also, the choice of controls can determine the quality of the study and the interpretation of the results. We used a cohort of more than 10,000 subjects (10,372 genotyped) to look at the multiple outcomes associated with 5 SNPs (rs672888, rs1447295, rs9642880, rs16901979, and rs6983267) in the 8q24 region, including all incident cancers, all causes of death, incident and prevalent cases of diabetes mellitus, and incident and prevalent cases of cardiovascular disease. In addition, we have extensive data on anthropometric measurements, dietary habits, smoking habits, and occupations of participants in our cohort. The 5 selected SNPs were all either associated with diseases (bladder, prostate, or colorectal cancer) or reported to be tagSNPs for a previously reported disease-associated SNP (e.g., rs672888 has been reported to tag the breast cancer-associated SNP rs13281615; R 2 ¼ 0.967). Analysis of the whole set of prospective data in conjunction with genetic markers can shed light on the functional role of the 8q24 region.
MATERIALS AND METHODS

Subjects
Healthy subjects were recruited from the Italian branch of the European Prospective Investigation Into Cancer and Nutrition, a multicenter European study in which investigators recruited more than 520,000 healthy volunteers from 10 European countries (34) . The Turin cohort comprises 10,604 healthy volunteers enrolled in the Turin area (Northern Italy) between 1993 and 1998 (35) .
The cohort includes participants of both sexes (6,046 men and 4,558 women), most of whom were 35-74 years of age at recruitment. Detailed dietary and lifestyle histories were collected for each volunteer through the use of a selfadministered questionnaire; 24-hour dietary recalls collected through person-to-person interviews and anthropologic measurements were also available. At enrollment, all participants signed informed consent forms and agreed to provide detailed information on their dietary and lifestyle habits, as well as to have their health status followed-up throughout life. Follow-up information on vital status and cancer incidence was obtained annually from the municipality and the local cancer registry. After vital status updates, death certificates were obtained from the mortality registries. In addition, we performed a follow up to identify cases of diabetes mellitus and cardiovascular disease. We identified incident cases of diabetes, defined as new diagnoses made after the cohort inception. We excluded prevalent cases of diabetes (those present at recruitment). The diagnoses of diabetes were confirmed by different sources of information, including self-reported diagnosis in the baseline questionnaire, use of diabetes-specific medication, and linkage to the regional diabetes registry and to the regional hospital discharge record database. Only persons with confirmed case statuses (positive in 2 or more sources of information) were included in this analysis. Subjects affected by cardiovascular and cerebrovascular diseases were identified through record linkage to the regional hospital discharge record database using a standardized procedure. Clinical records were obtained for each identified case to confirm the diagnosis.
DNA extraction and genotyping
A 30-40 mL peripheral blood sample was collected from all volunteers and fractionated, aliquoted, and properly stored the day of collection. Buffy coats for DNA extraction were available for 10,372 of the 10,604 participants. DNA was extracted from 400 lL of buffy coat using a QIAsymphony SP instrument (QIAGEN, Hilden, Germany) according to manufacturer protocols and stored in liquid nitrogen until use.
Polymorphisms were selected from those previously found to be significantly associated with at least 1 disease in prior studies (rs672888, rs1447295, rs9642880, rs16901979, and rs6983267), taking into account linkage disequilibrium (LD) (see Web Figure 1 , available at http://aje.oxfordjournals. org/, for SNP location and a LD plot from HapMap data). A 5# nuclease assay with MGB TaqMan Probes on a 7900HT Fast Real-Time PCR System (AppliedBiosystems, Foster City, California) with premade assays (TaqMan SNP Genotyping Assays, AppliedBiosystems) was used to genotype the selected markers. All genotypes automatically assigned by the software were inspected by an operator to check cluster quality and were manually edited or removed when appropriate.
Haplotype reconstruction
We performed a LD analysis of rs672888, rs1447295, rs9642880, rs16901979, and rs6983267 in our samples (36) (Web Figure 2) . Because no pairs of SNPs reached the threshold of R 2 > 0.80, we used all 5 SNPs in the haplotype reconstruction process.
We imputed the phase of the haplotype using a Bayesian method in which the Bayesian a priori was based on an approximation to the coalescent and the inference based on the Markov chain Monte Carlo approach. The analysis of LD was performed with Haploview, version 4.1 (Broad Institute, Cambridge, Massachusetts) (36); the phases of haplotypes were inferred using PHASE, version 2.1 (University of Washington, Seattle, Washington) (37, 38) .
Statistical analyses
For each SNP and pathology (incident cancer, incident cardiovascular disease, incident diabetes, and death), we calculated hazard ratios and the corresponding 95% confidence intervals using the Cox proportional hazards model. We performed calculations for 4 different genetic models: dominant (homozygous wild-type genotype (AA) vs. heterozygous genotype (AB) plus homozygous variant genotype (BB)); codominant (AA vs. AB and AA vs. BB); recessive (AA plus AB vs. BB); and per-allele (dose-effect: 0, 1, and 2 variant alleles). We also computed prevalence odds ratios for prevalent diabetes and the corresponding 95% confidence intervals for the 4 models. Moreover, we performed per-haplotype analyses to test whether the results would be more informative than those of the genotype analyses.
We performed crude analyses and calculated adjusted hazard ratios and odds ratios first by sex and age (using quartiles among controls) and then by smoking status (current smokers, never smokers, and former smokers who had stopped smoking at least 1 year prior). Subjects with missing values for the variables for which we adjusted the models were excluded. We also conducted analyses stratified by sex.
To account for multiple comparisons, we estimated the false-positive report probability (FPRP) based on the Wacholder method (39) . FPRP values for the significant SNP and haplotype associations, which are reported in Tables 1, 2 , and 3, were calculated together with the statistical power to detect odds ratios of 1.2, 1.5, and 2.0 (Web Table 1 ) and odds ratios of 5.0 and 10.0 (Web Table 2 ). We allowed for different levels of prior probability ranging from 0.5 to 0.0001 and, given the many comparisons, we considered a cut point of 0.2 for FPRP, although we could not exclude higher thresholds. All analyses were performed using SAS, version 9.1 (SAS Institute, Inc., Cary, North Carolina) and Stata, version 10.1 (StataCorp LP, College Station, Texas).
RESULTS
In a median follow-up of 11.24 years, we identified more than 1,500 health-related outcomes, including 773 newly diagnosed cases of cancer (all cancer sites except skin), 451 incident cases of diabetes, and 342 deaths, all of which were diagnosed before December 2006. (5 and 8 cases, respectively) .
Despite a borderline association between rs6983267 and total mortality in men, no specific cause of death was associated with this or any other SNP. Other SNPs in the 8q24 region were associated with a different pattern of diseases. In particular, rs672888 and rs1447295 showed statistically significant associations with incident diabetes (Table 2 ). In addition, rs672888 was associated with thyroid cancer in both men (n ¼ 17; HR ¼ 2.34, 95% CI: 1.17, 4.72) and women (n ¼ 11; HR ¼ 2.78, 95% CI: 1.13, 6.79). Table 3 shows the haplotype reconstruction obtained using PHASE, version 2.1, and Table 4 shows the statistically significant associations found with haplotypes when at least 15 cases were observed (full results are shown in Web Tables 3 and 4 ). Although associations with individual SNPs had smaller effects in general, we observed higher increases in risk for certain haplotypes and specific cancer types, in particular when subjects were homozygous for a haplotype. For breast cancer, diplotype 5/5 (CAGCT) yielded an estimated hazard ratio of 3.40 (95% CI: 1.24, 9.21); for prostate cancer, grouped rare haplotypes yielded an estimated hazard ratio of 7.43 (95% CI: 3.00, 18.37); and for brain cancer, diplotype 7/7 (CGGCT) yielded an estimated hazard ratio of 28.61 (95% CI: 5.9, 138).
Significant associations were also observed between haplotypes and all deaths from cardiovascular diseases (for diplotype 4/4 (CGTCG), HR ¼ 7.88, 95% CI: 2.81, 22.02) and cerebrovascular diseases (for diplotype 8/8 (CGTCT), HR ¼ 10.26, 95% CI: 1.34, 78.40). The most stable associations were between diplotypes 4/4 and 5/5 and the total number of deaths in men (based on 217 observations; HR ¼ 3.5, 95% CI: 1.8, 6.9, and HR ¼ 2.8, 95% CI: 1.3, 6.4, respectively).
We also considered the distribution of SNPs and haplotypes (Web Tables 5 and 6 ) by anthropometric measurements, smoking status, and dietary habits. We did not find any evidence of associations between SNPs in the 8q24 region and personal characteristics of the subjects. The exceptions were weak associations between rs672888 and glycemic load (P ¼ 0.02) and between rs1447295 and intake of carbohydrates (P ¼ 0.008) (Web Table 5 ), both of which were in line with the association between these SNPs and diabetes. Another significant association was found between rs16901979 and consumption of animal protein (P ¼ 0.007).
Power and false positives
The FPRP results (Web Table 1 ) showed an acceptable level of false reports considering the association between rs6983267 and all cancer sites in men, with very low prior probability (<0.0001) and an expected odds ratio of 1.5 (power ¼ 96%). For the other significant SNP associations, the power of this study was high enough (>80%) to explain only the association of rs6983267 with colorectal and prostate cancers in men (prior probabilities of 0.25 and 0.1, respectively), with an expected odds ratio of 2. As far as haplotype associations were concerned, FPRP results showed no association that was adequately powered to detect an odds ratio <2.0 (Web Table 1 ); however, the observed odds ratios were generally much higher than 2 (most were in the range of 4-15 or higher), so we further explored FPRP values for odds ratios of 5.0, 10.0, and 15.0 (Web Table 2 ). The associations with sufficient power were between haplotype 4 (CGTCG) and haplotype 5 (CAGCT) (2 vs. 0 copies for both) and all causes of death, for an expected odds ratio of 5, whereas the associations of haplotype 2 (CAGCG) with head and neck cancer, haplotype 5 (CAGCT) with breast cancer, and haplotype 4 (CGTCG) with cardiovascular disease mortality had a very low prior probability, yielding a statistical power in the range of 0.67-0.74, for an expected odds ratio of 10.
DISCUSSION
The purpose of the present analysis was to investigate the whole range of health effects of inherited variants in the 8q24 region, which was found to be significantly associated with different diseases in previous genome-wide association studies. To the best of our knowledge, no prospective study has been published thus far. In 10,372 subjects followed for Common Haplotypes 
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11 years, we found a number of associations between variants in the 8q24 region and various cancer types, diabetes, and death. Although associations with individual SNPs generally had smaller effects, we observed very strong associations between haplotypes and cancers of head and neck, breast, prostate, and brain and between haplotypes and deaths from cardiovascular and neurologic diseases and diabetes, with relative risks usually greater than 10. Therefore, we observed a very strong pleiotropism in the region. The most stable and striking association was between individuals carrying 2 copies of the 4 and 5 haplotypes (e.g., diplotypes 4/4 and 5/5) and total deaths in men (based on 217 observations; HR ¼ 3.5, 95% CI: 1.8, 6.9, and HR ¼ 2.8, 95% CI: 1.3, 6.4, respectively). If these associations are confirmed, a large proportion of deaths in men could be explained by these genetic variants, although the reasons for the sex specificity are far from clear.
The 8q24 region is a gene desert. However, multiple enhancer elements are present within this region, and they can regulate transcription of MYC (40). In particular, it has been reported that the region harboring the rs6983267 variant (prostate/colorectal risk region 3) is a transcriptional enhancer. Alleles at rs6983267 differentially bind transcription factor 7-like 2 (TCF7L2) (12, 20) , as well as the beta-catenin/ transcription factor 4 complex as measured in colon cancer cells (41) . Moreover, the region physically interacts with the MYC protooncogene through a chromatin loop (29, 40) . It has also been demonstrated that 1 enhancer element physically interacts with the MYC promoter via transcription factor 4 binding and acts in an allele-specific manner to regulate MYC expression (42) . The allelic status seems not to interfere with the creation of the chromatin loop leading to the interaction of the enhancer region containing rs6983267 with the promoter region of c-MYC. However, an allele-specific regulation of c-MYC gene expression has been shown, including an enhanced expression of the c-MYC allele in cis with the rs6983267-G allele (41). Tuupanen et al. (43) provided evidence that the common predisposition to colorectal cancer associated with the 8q24 region arises from enhanced responsiveness to Wnt signaling.
Although these data provide support for a biologic mechanism underlying this non-protein-coding risk variant, Prokunina-Olsson et al. (30) recently reported a strong correlation between the expression of MYC and a unique splicing form of TCF7L2 in noncancer colon samples but did not report any correlation with genotypes of rs6983267 or interaction of rs6983267 with TCF7L2 expression. These findings suggest that some splicing forms of TCF7L2 may be functionally important for regulation of MYC expression in colon tissue, but this regulation is not directly dependent on rs6983267. A negative association has been reported between several SNPs at region 8q24 and a role in c-MYC amplification or chromosomal fragility (44) .
A role for microRNA in the 8q24 region has been reported in epigenetic mechanisms (31) (32) (33) . Huppi et al. (31) investigated whether the translocated region in 8q24 may contain microRNAs. Seven microRNAs were identified through computational analysis and experimental verification. High-level expression of one of them (hsa-miR-1204 precursor) was also seen in several epithelial cancer cell lines with MYC/PVT1 coamplification, suggesting a potentially broad role for these microRNAs in tumorigenesis. In another study on medulloblastoma, Lu et al. (32) identified a novel amplification at the 8q24.22-q24.23 region that was independent of MYC amplification at 8q24.21, suggesting involvement of 2 microRNAs: hsa-miR-30b and hsa-miR-30d. Finally, Pomerantz et al. (33) investigated whether the 8q24 region contained unannotated transcribed microRNA and cis-acting enhancers by using next-generation sequencing in histologically normal radical prostatectomy tissue. They did not find evidence for significant microRNA transcription within the 8q24 prostate cancer risk loci. Likewise, no convincing association between RNA expression and risk allele status was detected in either histologically normal or tumor tissue. In the present study, we found that most associations were sex-specific, with more associations in men than in women. These findings are difficult to interpret, but it is unlikely they were due to distortions related to design because this was a prospective study in which we made internal comparisons. One possible explanation could be related to sex-specific epigenetic regulations of the 8q24 region, such as methylation, or the presence of hormonal responsive elements. In a recent study (45) , Jia et al. characterized a 5-megabase chromatin segment encompassing all the risk regions for RNA expression, histone modifications, and locations occupied by RNA polymerase II and androgen receptors. This led to identification of several transcriptional enhancers that were verified using reporter assays. Two enhancers in one risk region were occupied by androgen receptors and responded to androgen treatment; one contained a SNP (rs11986220) within a FoxA1 binding site, with the prostate cancer risk allele facilitating both stronger FoxA1 binding and stronger androgen responsiveness. The presence of androgen-responsive elements in the region could explain sex differences in the risks of different types of cancer.
Few investigators have studied methylation differences in tumors with 8q24 alterations. Advanced-stage prostate cancers have been reported to frequently harbor chromosome 8 alterations and hypomethylation of LINE-1 retrotransposons (46) , and a specific hypomethylation of a CCGG site in exon 3 of c-MYC has been reported in human myeloma cell lines, leading to microRNA levels of c-MYC that are 30-50-fold higher than those in normal peripheral blood lymphocytes (47) .
Further important insights into functional mechanisms involved in the 8q24 region can be found by better exploring the haplotype structure of the region. We observed striking associations between haplotypes and different cancers and other diseases, yielding strong evidence of pleiotropism in the region. In the present study, rare haplotypes were grouped to have enough power to detect signals. Further studies using bigger samples are needed to more precisely identify the specific haplotypes involved.
Recent studies have shown that different haplotypes were associated with different cancer sites. For instance, a protective effect has been found for an 8q24 haplotype (5 SNPs) and prostate cancer in a white population (48) , and an increased risk has been observed between different haplotypes in the 8q24 region and breast, prostate, and colorectal cancers (49) , as well as papillary thyroid carcinoma (17) . Unfortunately, not all of the studies analyzed the same SNPs, so it is not possible to make direct comparisons of haplotypes because of the different degrees of LD across populations (e.g., at least 3 subregions of 8q24 have been independently associated with prostate cancer risk, the most centromeric of which appears to be population-specific) (50) . Moreover, published data have suggested that multiple interacting SNPs within 8q24, as well as different regions on chromosome 8 far beyond this 8q24 candidate region, may confer an increased risk of cancer. An example for prostate cancer was reported by Beuten et al. (48) , who showed that SNPs within the 8q24 region were in high LD (log of the odds >3) with SNPs located within the C1r/C1s, uEGF, and BMP1 gene (CUB) and the Sushi multiple domains 1 gene (CSMD1) in both whites and Hispanics. This gene is located on the short arm of chromosome 8 within the 8p23 region. They also found high LD (log of the odds >3) between SNPs in region 8q24 and SNPs within the b-defensin-1 gene (DEFB1) located at 8p23 in whites, within the CUB and Sushi multiple domains 3 gene (CSMD3) at 8p23 in Hispanics, and within the pleckstrin and Sec7 domain-containing 3 gene (PSD3) located at 8p22 in both whites and Hispanics. High LD (log of the odds >5) was also noticed between SNPs in region 8q24 and SNPs within the TMEM75 gene downstream of the region investigated.
Finally, we did not find any obvious association between SNPs or haplotypes in the 8q24 region and personal characteristics of the subjects, including anthropometric measures, smoking status, and diet. The exceptions were weak associations between rs672888 and the glycemic load (P ¼ 0.02) and between rs1447295 and the intake of carbohydrates (P ¼ 0.008). The latter observations, though weak, were in line with the association of both SNPs with diabetes. The role of 8q24 in diabetes onset has been observed repeatedly before, and the correspondence between the same SNPs related to diabetes and some dietary behaviors is worth of further investigation.
Our findings suggest the importance of better investigation of the pleiotropic effect of 8q24 that also considers its possible interaction with regions far beyond on the same chromosome and genetic regions on other chromosomes involved in different diseases. In particular, the discovery of links between SNPs and cancer, cardiovascular disease, and diabetes could be extremely useful in the attempt to disentangle mechanisms common to different chronic diseases and the metabolic syndrome, potentially leading to common preventive measures and/or therapies.
